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Investment of resources in immune defences, despite obvious short-term benefits, may be detrimental to long-term
maintenance and thus decrease longevity in absence of parasites. In addition, females and males may differ in
immune investment and intrinsic longevity because they are subjected to different degrees of sexual competition
and extrinsic mortality. In order to test if sex-specific investment in mounting an immune response reduced
longevity, we compared the longevity of captive male and female common voles Microtus arvalis regularly
challenged with keyhole limpet haemocyanin, an antigen which elicits the production of antibodies, to the longevity
of voles injected with the corresponding antigen-free buffer (phosphate-buffered saline). Injections were repeated
every 28 days to mimic a chronic infection. The magnitude of immune response did not vary between males and
females and did not affect longevity. Overall, females lived longer than males, independently of the immune
challenge. Thus, the long-term costs of immunity seem small in voles. The longevity pattern is consistent with the
prediction that male-biased predation or parasitism in the wild causes reduced intrinsic lifespan, but this reduction
is not mediated by a decrease in male immunity. © 2009 The Linnean Society of London, Biological Journal of
the Linnean Society, 2009, 97, 328–333.
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INTRODUCTION
The immune system plays an essential role in fight-
ing parasites and appears to be one of the major
physiological mechanisms regulating host survival
(Zuk & Stoehr, 2002). The activation of the immune
system generally protects the host, but also entails
costs. Indeed, mounting an immune response has
been demonstrated to be energetically costly (Demas
et al., 1997; Demas, Drazen & Nelson, 2003; Derting
& Compton, 2003; Eraud et al., 2005), to induce
autoimmune diseases (Janeway et al., 1999) or to
decrease fecundity and/or reproductive success
(Bonneaud et al., 2003; Faivre et al., 2003; Hanssen,
Folstad & Erikstad, 2003; Bertrand et al., 2006;
French, Johnston & Moore, 2007; McCallum &
Trauth, 2007; but see Shoemaker & Adamo, 2007;
Williams et al., 1999 for an absence of costs). The
activation of the immune system can reduce repro-
ductive success by affecting secondary sexual traits
(Faivre et al., 2003; Jacot, Scheuber & Brinkhof,
2004; Peters et al., 2004), decreasing growth and
development time (Soler et al., 2003; Sanz et al., 2004;
Prendergast et al., 2004; Uller, Isaksson & Olsson,
2006) or delaying future reproduction (Marzal et al.,
2007). As the investment of resources in immune
defences may affect the allocation of resources to
major life-history traits, it may also decrease longe-
vity even in the absence of infection (Sheldon &
Verhulst, 1996; Lochmiller & Deerenberg, 2000).
In contrast to reproductive costs, longevity costs
have been little studied. A negative effect of immune
activation on survival has been shown in bumblebees
Bombus terrestris (Moret & Schmid-Hempel, 2000),
field crickets Gryllus campestris (Jacot et al., 2004)
and common eider Somateria mollissima (Hanssen
et al., 2004; Hanssen, 2006). These survival costs
have been detected in stressful conditions such as
complete starvation in the laboratory (Moret &*Corresponding author. E-mail: godefroy.devevey@unil.ch
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Schmid-Hempel, 2000) or natural exposition to para-
sites and predators in the field (Jacot et al., 2004),
concomitant with prolonged incubation fasting in the
case of eiders (Hanssen et al., 2004; Hanssen, 2006).
In mammals, a few studies have assessed the ener-
getic cost of immune defences (Demas et al., 1997,
2003; Derting & Compton, 2003). However the effects
of mounting an immune response per se on intrinsic
longevity, in the absence of external death factors
such as food constraints and predation, has to our
knowledge not been studied so far.
Proximately, the trade-off between immune
defences and longevity might be mediated by
immunopathology (Graham, Allen & Read, 2005). For
example, injection of non-pathogenic lipopolysaccha-
rides can be lethal for normal mice because of the
release of proinflammatory cytokine tumour necrosis
factor (TNF) (Pfeffer et al., 1993). Immune activation
also increases susceptibility to oxidative tissue
damages (Bertrand et al., 2006), potentially leading to
faster senescence and ageing (Kregel & Zhang, 2007).
In addition, chronic activation of the immune system
is believed to favour autoimmune diseases (Janeway
et al., 1999). As a consequence, one could expect that
the activation of the immune system would accelerate
senescence and thus reduce the longevity of individu-
als mounting an immune response in the absence of
disease.
Sexes might differ in their optimal investment in
immunity (Klein & Nelson, 1998; Rolff, 2002) because
the fitness of males increases with their mating
success, whereas the fitness of females increases with
the number of reproductive events. Females may
therefore invest more in maintenance and live longer
than males do. This prediction applies particularly to
species with strong competition among males such as
polygynous species (Stoehr & Kokko, 2006) and males
are indeed shorter-lived than females in the majority
of polygynous species (Clutton-Brock & Isvaran,
2007). Another major factor affecting the evolution of
lifespan is the degree of extrinsic mortality, which
may lead to sex-specific differences in longevity if one
sex experiences a higher extrinsic mortality than the
other (Kirkwood & Austad, 2000).
In this study, we investigated the effect of mounting
an immune response on the intrinsic longevity of each
sex in the common vole (Microtus arvalis). This
rodent species is polygynous (Heise & Van Acker,
2000) and suffers from male-biased extrinsic mortal-
ity (Christe, Keller & Roulin, 2006). We repeatedly
stimulated the immune system of male and female
captive voles by injecting a non-pathogenic antigen
and compared their intrinsic lifespan to control voles
injected with the corresponding antigen-free saline
buffer. If the activation of the immune system accel-
erates the ageing process, immune-challenged voles
should have a shorter lifespan than controls. More-
over, males should have a shorter lifespan than
females in the absence of immune challenge.
MATERIAL AND METHODS
GENERAL PROCEDURE
Common voles Microtus arvalis born in captivity from
wild-born parents were separated from their mothers
when 21 days old. Voles were then housed individu-
ally in a polypropylene cage (36 ¥ 20 ¥ 18 cm) in an
animal facility room with a 14-h light : 10 h dark
cycle and a constant temperature of 21 ± 1 °C. Cages
contained 1 L of sterilized soil and a flowerpot (diam-
eter 14 cm) for roosting. Hay and tap water were
available ad libitum and animals received apples and
seeds regularly throughout the experiment. At
weaning, individuals received 4 mL of transcutaneous
veterinary Selamectine as an anti-parasitic treat-
ment. When between 27 and 60 days old, voles were
weighed and randomly divided in two groups: 41 voles
(22 males and 19 females) were subcutaneously
injected with 5 mL/kg of sterile phosphate-buffered
saline (PBS) and 41 voles (23 males and 18 females)
were injected with 5 mL/kg of keyhole limpet
haemocyanin (KLH; Sigma, Switzerland) suspended
in sterile PBS at a concentration of 1 mg/mL. To
mimic the response to a chronic infection, injections
were repeated every 28 days until the natural death
of the vole. KLH is an innocuous respiratory protein
derived from the giant keyhole limpet (Megathura
crenulata).
In order to control for the production of anti-KLH
immunoglobulin type G (IgG) in challenged individu-
als, we measured the levels of plasmatic anti-KLH
IgG twice, the first time 10 days after the third
injection and the second time 15 days after the injec-
tions 22nd to 25th (590–655 days old). Blood samples
(50–100 mL) were drawn by tail-nipping into pre-
heparinized microvettes. Blood samples were centri-
fuged for 30 min at 440 g. Serums were stored
at -18 °C until assayed for specific IgG. We mea-
sured the anti-KLH IgG concentrations in the vole
serum with an enzyme-linked immunosorbent assay
(ELISA) as described in Devevey et al. (2008).
DATA ANALYSES
Statistical analyses were computed with JMP soft-
ware 7.0.0. To test for differences in longevity
between groups, we used semi-parametric Cox’s
regressions (Cox, 1972) with sex and immune chal-
lenge as principal factors. This model enables the use
of body mass at weaning, body mass at first injection,
average body mass during adulthood, average varia-
tion of body mass during life and anti-KLH IgG level
SEX, BUT NOT IMMUNE ACTIVATION, AFFECTS LONGEVITY 329
© 2009 The Linnean Society of London, Biological Journal of the Linnean Society, 2009, 97, 328–333
after the third injection as covariates. Non-significant
interactions and covariates were removed from the
model in a backward procedure. We performed power
analyses using G*Power version 3 (Faul et al., 2007).
Reported values are from post hoc power tests based
on degrees of freedom for generic c2-tests. There was
no difference between challenged and control voles in
body mass at weaning or at first or second injection
(all P > 0.35).
RESULTS
The magnitudes of the immune response were similar
between the sexes (t = -1.558, d.f. = 22, P = 0.133). For
the same individual, the 22nd injection with KLH
induced a stronger response than did the third one
(paired t-test: t = -2.79, d.f. = 4, P = 0.049). When
analysing the longevity using the Cox regression,
the interaction between sex and immune challenge
was not significant (c2 = 0.01, d.f. = 1, P = 0.935). We
observed no significant effect of lifelong immune acti-
vation on cumulative mortality (Fig. 1; c2 = 1.74,
d.f. = 1, P = 0.19), with median lifespan being 135
days in challenged voles and 207 days in control
voles. A power analysis revealed that a 30% difference
between the experimental groups would have been
detected with a probability of 0.76 (Faul et al., 2007).
Nevertheless, there was a sex difference in longevity,
with females exhibiting a longer lifespan than males
(Fig. 1; c2 = 3.98, d.f. = 1, P = 0.046), with median
lifespan being 161 days in males and 249 days in
females. Mean ± SE lifespan was 228 ± 36 and
362 ± 57 days for males and females voles, respec-
tively. All the covariables (including magnitude of
immune response) were not significant (all P > 0.13).
DISCUSSION
Our experiment shows that mounting and maintain-
ing a humoral immune response, whatever its
magnitude, does not significantly reduce intrinsic lon-
gevity in captive voles. Voles repeatedly challenged
with KLH over their entire lifetime had similar lon-
gevity to the one of control voles and did not show
signs of immunosenescence. This result contrasts
with the few available data on this topic. Our study
had somewhat low power, but also had some particu-
larities that could explain these contrasting results.
We compared the survival of voles in controlled labo-
ratory conditions, without predation or reproduction,
and with access to ad libitum food. So far, survival
costs of immune system activation have only been
shown under stressful conditions in the field
(Hanssen et al., 2004; Jacot et al., 2004; Hanssen,
2006) or laboratory (Moret & Schmid-Hempel, 2000).
In particular, bumblebee workers inoculated with
micro-latex beads and lipopolysaccharides had a
short-term survival cost only when subjected to com-
plete starvation, whereas no such cost was observed
with unlimited food supply (Moret & Schmid-Hempel,
2000). Similarly, female common eiders that showed
reduced survival were immune challenged during the
long fasting period of incubation, which lasts for 22 to
27 days (Hanssen et al., 2004; Hanssen, 2006). Many
highly stressed and malnourished eider females
exhibited complete immunosuppression during this
period, suggesting that the immune system is down-
regulated when resources are scarce. In fossorial
water voles, parasites and spatio-temporal demo-
graphic fluctuations affect the efficiency of cellular
immune response (Charbonnel et al., 2008) and the
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Figure 1. Survival curves of male and female common voles injected with keyhole limpet haemocyanin (KLH) and with
antigen free buffer (phosphate-buffered saline; PBS).
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selection on MHC genes (de Bellocq, Charbonnel &
Morand, 2008), further suggesting that ecological con-
ditions affect immune responses.
The absence of effect of immune challenge on lon-
gevity when resources are plentiful suggests that a
compensatory resource intake mechanism can coun-
terbalance the investment in immunity in captive
conditions. It may be more difficult to compensate for
the energy and antioxidant consumption of immune
activation in natural conditions. In the wild, common
voles have many parasites (Beaucournu & Launay,
1990) that affect health conditions (Devevey et al.,
2008), fitness components (Deter et al., 2007) and
population dynamics (Deter, Charbonnel & Morand,
2008), which together probably amplify the costs
of immunity. Moreover, other functions affected by
immune activation, such as cognition and thus preda-
tor avoidance, may also be important for survival in
the wild but not in the laboratory (Barnard et al.,
2006).
The type of antigen that we used might also explain
the absence of negative effects on longevity. KLH is
indeed a rather mild immune challenge, without adju-
vant, which induces a humoral immune response
without making the animal ill (absence of prolonged
inflammation, fever, anorexia . . .) (Dixon, Jacot-
Guillarmod & McConahey, 1966; Demas et al., 2003).
Thus, our experimental design has the advantage to
assess the cost of mounting an immune response per
se, independently from any pathogenic or toxic effects.
Our immune challenge thus contrasts with the three
antigens used in the study on common eiders (sheep
red blood cells, diphtheria toxoid and tetanus;
Hanssen et al., 2004) that, despite being non-
pathogenic, might have had negative effects indepen-
dently of the activation of the immune system.
The activation of immune defences has to be costly
in order to generate the observed trade-offs between
reproductive parameters and resistance against dis-
eases in the wild (Lochmiller & Deerenberg, 2000).
However, these immunity costs will not necessarily
affect all types of life-history traits and their effect
on fitness-related traits may depend on conditions
(Rigby, Hechinger & Stevens, 2002). For example, in
poultry the immune system represents only a few per
cent of body weight and requires few nutrients in
comparison with egg production or growth (Klasing &
Leshchinsky, 1998). Our experiment suggests that the
costs of antibody production are small in micromam-
mals and may need stressful conditions to become
apparent.
Our experiment revealed that males were shorter-
lived than females. A similar sex-specific difference in
survival probably also occurs in the Virginia meadow
vole, even if male-biased mortality is difficult to dis-
tinguish from male-biased dispersal in natural condi-
tions (Rose & Dueser, 1980). In contrast, Selman et al.
(2008) did not find this pattern in captive Microtus
agrestis. Our result highlights that the general
pattern of early male mortality in polygynous species
of vertebrates (Clutton-Brock & Isvaran, 2007) is not
always as a result of low immunity in males (Stoehr
& Kokko, 2006; Forbes, 2007) and that many life-
history traits can affect sex-specific lifespan. Interest-
ingly, predation upon voles is strongly male-biased in
the field (Christe et al., 2006) and males are generally
more infested by parasites than females (Klein, 2004;
Morand et al., 2004). In these conditions, males can
be selected to pursue a ‘live fast, die young’ reproduc-
tive strategy on certain traits (Bonduriansky et al.,
2008) and senescence should occur earlier in males
(Kirkwood & Austad, 2000; Christe et al., 2006). Our
finding that female common voles had a longer intrin-
sic lifespan than males in captive condition is in
accordance with this hypothesis. Overall, this experi-
ment demonstrates that a sex-specific difference in
intrinsic longevity in the common vole is not mediated
by differential immune investment (which seems
innocuous in captive conditions with ad libitum food)
and probably comes from sex differences in reproduc-
tive traits leading to high extrinsic mortality in
males.
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